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INTRODUCTION 

The development of new catalyst  systems and the understanding of reaction 
mechanisms a r e  of utmost importance in  the development of processes f o r  convert- 
ing coal to  liquid and/or gaseous products. Mills ( 1 )  has recently reviewed some 
new catalyt ic  concepts for  the hydrogenation of coal. Among the affect ive cata- 
lys t s  are cer ta in  molten metal halides such as ZnCl and SnCl -2H 0. In amounts 
comparable to  the reactant they show hydrocracking i c t i v i t y  f8r  c8al and poly- 
nuclear hydrocarbons (2). Although many workers have reported the use of molten 
Salts as hydrocracking catalysts ,  l i t t l e  work has been done on the mechanism of 
the reactions. I t  i s  well known that  these metal halides are  Lewis acid type 
catalysts  and have f a i r l y  good catalyt ic  act ivi ty  for  most Friedel-Crafts re- 
actions. 
cracking of polynuclear hydrocarbons may be the acid produced by the interaction 
of zinc chloride with water. 
coal hydrogenation, i t  has been suggested t h a t  they are  easi ly  decomposed in  feed- 
stocks which contain suff ic ient  sulfur and are not the true catalysts .  They are 
generatly supposed to  be par t ia l ly  converted to  other forms such as the sulf ide 
or oxide during the hydrocracking reaction ( 3 ) .  

genation of 2-pentanol over several mol ten ha1 ide catalysts  impregnated on  coal. 
The halides, which were f i r s t  heat-treated u p  t o  400°C in a flow of N , gave a high 
select ivi ty  for  the conversion of 2-pentanol to  2-pentanone due to  t h 8  dehydrogen- 
ation reaction. I t  was concluded that  the acidity of the halides in the solid form 
was very low a f t e r  the heat-treatment. 
by metal halides appears t o  be s t i l l  open t o  controversy, especially when the 
ha1 ides are impregnated on coal. 

The object of th i s  work i s  t o  obtain a basic understanding of the ca ta ly t ic  
behavior of molten metal halides before and a f t e r  t h e i r  impregnation on  coal. 
would give us a means of elucidating the catalyt ic  action of the halides in the 
coal hydrogenation reaction. 

Zielke e t  al (2) suggested t h a t  the act ive catalyst  f o r  the hydro- 

On the other hand, when molten halides are  used for  

/ In a previous report (4), we presented some unusual resul ts  on the dehydro- 

/ 

Thus, the role  of Lewis acidi ty  in catalysis  

This 

EXPERIMENTAL 

The halides were impregEated o$ Higwatha, Utai coil (45% V . M . ,  d.a.f. basis) from 
aqueous solution. 
support f o r  impregnation. Pretreatment was carried o u t  overnight in a N2 stream. 

hydrochloric acid. 
with sodium hydroxide. 

The conversion reaction of 2-pentanol was carried o u t  continuously over fixed- 
bed catalysts under atmospheric pressure. The product was sampled periodically 
using a dry ice-methanol trap, and analyzed on a 5-f t  Carbowax 20M gas chromato- 
graphic column with a flame ionization detector. The select ivi ty  to  2-pentanone 
was determined as the moles of 2-pentanone produced per mole of 2-pentanol re- 

Reagent grade ZnCl , SnCl '2H 0 and FeCl - 6 H  0 were used without purification. 

In some cases, activated charcoal (AC) was used as a catalyst  

The total  acidity was determined by back t i t r a t i o n  of n-butyl amine with 
Basicity was also determined by back t i t r a t i o n  of benzoic acid 
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acted, m u l t i p l i e d  by 100. 

BET system. Hydrogen was introduced i n t o  the  system a t  the  i n i t i a l  pressure o f  
180-505 t o r r  and the  decrease i n  the pressure was recorded as a func t i on  o f  time. 

The surface area was determined from carbon d iox ide  adsorpt ion a t  298°K. The 
Dubinin-Polanyi equat ion  was used t o  ca l cu la te  surface areas as described by Marsh 
and Si9mieniewska (5). The molecular area of carbon d iox ide  a t  298°K was taken as 
25.3 A (6). 
pore surface areas. 

Hydrogen adsorp t ion  measurements were made on one gram samples w i t h  a standard 

Ni t rogen adsorp t ion  a t  -195°C was a lso  ca r r i ed  ou t  t o  ob ta in  micro- 

RESULTS AND DISCUSSION 

The e f f e c t  o f  heat treatment on a c i d i t y  and b a s i c i t y  i s  shown i n  Table 1. 

Table I .  Surface A c i d i t y  and B a s i c i t y  

Sample Preheating temp., Aci  d i  ty Bas ic i t y  
"C mmol /g m o l / g  

23.1 % ZnCl 2/coal 
I ,  

I, 

IO 

23.1% SnC12/coal 

130 
200 
300 
400 
400 

0.73 0 
0.40 0 
0.07 0 
0.05 0 
0.08 0 

The a c i d i t y  o f  ZnCl 
i n g  temperature f ro$  130 t o  400°C. The amount of bas ic  s i t e s  was zero i n  a l l  cases, 
i r respec t i ve  o f  pretreatment.  
ment a t  the 400°C. Since the  metal ha l ides  me l t  below some pretreatment temper- 
atures,  s i g n i f i c a n t  po r t i ons  o f  t he  s a l t  may have vaporized i n  the  N2 stream. 

The loss  o f  a c i d i t y  on pretreatment i s  supported by the  dehydrogenation/de- 
hydra t ion  reac t i on  o f  2-pentanol. It i s  we l l  known t h a t  r e l a t i v e l y  weak acids 
ca ta lyze  the dehydra t ion  of some alcohols.  
ha1 ides  are l e f t  unchanged as a c i d i c  ca ta l ys ts  dur ing  the  preheat ing process , the 
main products w i t h  t h i s  reac t ion  would be o l e f i n s  from dehydration ra the r  than 
ketones from dehydrogenation. Table I1 shows the  r e s u l t s  o f  the  a c t i v i t y  o f  
var ious  molten metal ha l i des  supported on  ac t i va ted  charcoal and coal .  Act ivated 
charcoal was se lec ted  as a support because i t s  surface a c i d i t y  i s  too weak t o  
ca ta lyze  the r e a c t i o n  under the  experimental cond i t ions .  The th ree  z inc  hal ides 
and t i n  ch lo r i de  showed conversions o f  84.0 - 95.7% when supported on ac t iva ted  
charcoal. The s e l e c t i v i t y  t o  2-pentanone by  dehydrogenation was about 30 t o  49% 
fo r  these samples. On the  o ther  hand, when the  ha l ides  were impregnated on coal, 
they showed much h igher  s e l e c t i v i t y  t o  ketones. For FeC13 both conversion and 
s e l e c t i v i t y  were very low. As i s  genera l l y  expected, ZnO which i s  bel ieved t o  be 
a good c a t a l y s t  f o r  hydrogenation react ions,  gave 100% s e l e c t i v i t y  w i t h  a low con- 
version, wh i le  NiS04 a s t rong acid,  showed zero s e l e c t i v i t y  t o  ketone. 

a c i d i c  and basic p roper t i es  i n d i c a t e  t h a t  there  i s  an i n t e r a c t i o n  o f  t he  molten 
ha l ides  w i t h  the  coal ,  r e s u l t i n g  i n  the format ion o f  a new e f f e c t i v e  s i t e s  f o r  t he  

on coal subs tan t i a l l y  decreased w i t h  the  increase o f  preheat- 

The . a c i d i t y  i s  near ly  completely l o s t  by p re t rea t -  

Accordingly, i f  almost a l l  o f  the  

The r e s u l t s  of t h e  2-pentanol conversion reac t i on  together w i t h  those o f  the  
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1 b l e  11. Ca ta l y t i c  Conversion o f  2-Pentanol 

\ Pretreatment Reaction Total  conv. S e l e c t i v i t y  
Ca t a  1 y s t temp., t 9 P .  s t o  2-pentanone 

O C  C mol % mol % 

ZnC12 on AC 
ZnBrp on AC 
ZnI on AC 
S n d 2  on AC 
ZnC12 on coal  
SnC12 on coal  
FeC1, on coal 
ZnC1; on s io2 
N i  SO4 
S i  O2 
AC 
coal 

404 
4 04 
41 0 
3 00 
455 
393 
395 
466 
404 
404 
355 
404 

404 
4 04 
41 0 
300 

, 405 
387 
395 
369 
301 
302 
307 
406 

95.7 
85.2 
84.0 
84.5 
61.9 
78.2 
47.8 
99.0 
99.0 
19.7 

0 
5 

31 .2 
35.3 
48.7 
30.2 
73.5 
70.4 
0 
0 
0 
0 
0 
0 

I 

dehydrogenation o f  t he  a lcoho l .  Among t h e  most a c t i v e  molten hal ides a re  ZnCl 
SnC12, which have been reported t o  have a strong a c t i v i t y  f o r  the  hydrogenatjog o f  
coal a t  shor t  reac t ion  times (7 ) .  Fe r r i c  ch lo r i de  i s  a l ess  a c t i v e  c a t a l y s t  f o r  
hydrogenation and shows no s e l e c t i v i t y  t o  ketone. 
a t i o n  a c t i v i t y  i s  no t  always dependent upon the  Lewis a c i d i t y  o f  the c a t a l y s t  as 
proposed by Z ie lke  e t  a1 (2).  F e r r i c  ch lo r i de  i s  a much stronger Lewis ac id  than 
ZnCl It r e t a i n s  more o f  i t s  ac id i c  p roper t ies  when impreg- 
nate8 on coal and heated, bu t  i s  l e s s  a f f e c t i v e  as a hydrogenation ca ta l ys t .  The 
p o s s i b i l i t y  o f  basic s i t e s  being important must be re jec ted  based on r e s u l t s  shown 
i n  Table I .  

200 t o  415°C. 
505 t o r r .  
a l l  samples, rap id  i n i t i a l  adsorpt ion was observed on ly  w i t h  a c t i v e  hydrogenation 
ca ta l ys ts .  I n  some cases, t he  volume o f  hydrogen adsorbed amounts t o  10-15 ml /g  
a f t e r  5 min. Or ig ina l  coal and FeCl impregnated coal d i d  not show any rap id  ad- 
sorp t ion  under the experimental condft ions.  This may be important f r o m  the  view 
p o i n t  o f  a c t i v e  s i t e s  f o r  hydrogenation. I t  was attempted t o  separate exper imental ly 
the  f a s t  and slow adsorpt ion,  as was done by Dent and Kokes (9 ) .  This work ind ica ted  
t h a t  almost a l l  o f  t he  chemisorbed hydrogen was no t  e a s i l y  removed by degassing. The 
f a s t  and slow chemisorption w i t h  the  ZnC12 impregnated sample could not be separated. 
Hydrogen adsorpt ion was markedly a f fec ted  by pretreatment a t  300-400°C. 

It has been widely recognized t h a t  t h e  determinat ion o f  the  surface areas o f  
var ious coals i s  no t  s t ra igh t fo rward .  
t he  use o f  Dubinin-Polanyi equation t o  ca l cu la te  surface areas. The surface areas 
o f  var ious k inds o f  coals can be ca l cu la ted  using t h e  equation from CO adsorpt ion 
data a t  298°K i n  a conventional vacuum apparatus (6 ) .  Figure 2 shows Eome t yp i ca l  
Dubinin-Polanyi p l o t s  f o r  CO adsorpt ion a t  298°K on several molten ha l ides  i m -  
pregnated on coal .  Excellen? l i n e a r  p l o t s  were obtained i n  a l l  cases. Surface 
area r e s u l t s  a re  summarized i n  Table 111. When o r i g i n a l  coal, w i thout  any impreg- 
nat ion,  was heat- t reated i n  a stre2m o f  N a t  200' t o  4OO0C, the surface area 
subs tan t i a l l y  increased t o  415.8 m /g. O8ce ZnCl 
' i trface area increased sharply w i t h  the  heat tempgrature. S im i la r  increases i n  

and' 

This ind ica tes  t h a t  the  hydrogen- 

and t i n  ch lo r i de  (8). 

Adsorption o f  H on ZnC12, SnCl and FeCl impregnated on coal  was measured a t  
Figurz 1 shows typ ica? r e s u l t s  ?or hydrogen adsorpt ion a t  415°C and 

Although t h e  slow adsorp t ion  process was detectable f o r  several days w i t h  

Recently, Marsh and Siemieniewska (5) proposed 

was impregnated on the  coa l ,  the  
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Table 111. Surface Areas o f  Coal and Halide-impregnated Coals 

2 Pretreatment Surface area, m g 
Sampl e t y p . .  / 

C C02 adsorpt ion N2 adsorpt ion 
a t  22°C a t  -1 95°C 

Coal 200 
3 00 
400 

1,000 

(23.1 %) 200 
ZnC12 on coal 

300 
400 

SnC12 on coal 
(23.1 %1 400 

FeCl on coal 
(2331 %) 400 

ZnC12 on AC 4 00 
AC 

170.6 
195.2 
415.8 
109.2 

108.4 
332.9 
581.3 

557.1 

471.6 

1.3 

25.5 
25.5 

77.4 
432.1 

317.1 

206.5 
487.4 
711.5 

I ,  

surface area were observed w i t h  SnCl , but  they were r e l a t i v e l y  smal ler  f o r  FeCl . 
This t rend o f  increases i n  surface a6ea i s  i n  good agreement w i t h  measurements 03 N2 
adsorpt ion a t  -195°C. Th is  r e s u l t s  shows t h a t  t he  heat ing o f  coal on which a c t i v e  
ha1 i d e  hydrogenation ca ta l ys rs  a re  impregnated t o  400°C, y i e l d s  a much higher micro- 
pore surface area o f  2, 580 m /g. 
a tu re  adsorpt ion i n  coa ls  become assessible f o r  impregnated coals.  
FeC13 does n o t  g i ve  such a sharp increase i n  surface area. 

A surface compound formed 
between the metal h a l i d e  and the  coal dur ing  heat treatment i s  thought t o  be r e -  
sponsible f o r  the  experimental observations. 
forming t h i s  compound b u t  i s  no t  t h e  on ly  requirement and does not p lay  a r o l e  once 
t h e  compound i s  formed. 
s i t e s  are a lso  impor tan t  i n  coal  hydrogenation. 

Micropores which are  inaccess ib le  f o r  low-temper- 
Less a c t i v e  

The nature o f  t he  a c t i v e  s i t e s  i s  as y e t  uncer ta in .  

Lewis a c i d i t y  may be important i n  

The hydrogen chemisorption proper t ies  i n d i c a t e  t h a t  these 
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FIGURE 1 .  HYDROGEN ADSORPTION AT 415°C AND 5 0 5  TORR 
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